Abstract-This paper presents a short-channel subthreshold current model for the double gate (DG) MOSFET having Gaussian doping profile in the vertical direction of the channel. The present model is based on the assumption that diffusion is the dominant carrier transportation mechanism in the subthreshold regime of device operation. The effects of channel length and channel doping on subthreshold current have been demonstrated in present work. Asymmetry due to the variable peak position of the Gaussian doping has also been incorporated in the present model. Model verification is carried out using 2D device simulator ATLAS TM .
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I. INTRODUCTION L OW-POWER consumption in CMOS VLSI circuits is often a more important concern than the operating speed in many applications such as portable wireless devices, sensors, PDAs, medical devices (e.g. pacemakers), and mobile systems [1] [2] . The ultralow power consumption can be achieved by operating the circuits in the subthreshold regime where a power supply voltage lower than the threshold voltage of the MOS devices is used to obtain a better powerdelay product with a slower but an acceptable operation speed of the circuits [2] . Utilizing the off-state leakage current as the operating current, a number of ultralow-power (but with a very low operating frequency) subthreshold circuits using bulk CMOS has been reported in the literature [3] [4] [5] . It is observed that a MOS transistor with an ideal subthreshold slope (60 mV/decade) is optimal for the designing of VLSI/ULSI circuits for subthreshold applications [1] [2] due to its smaller gate capacitance and larger operating current for a given off-state current. Since, a fully depleted double-gate (DG) MOSFET has a near-ideal subthreshold slope, it can be considered as a very promising transistor structure for the subthreshold operations [2, 6] . Thus, the accurate modeling of subthreshold current of a DG-MOS device is a major concern for the designing and analysis of ultralow power VLSI/ULSI circuits using DG MOSFETs. A number of subthreshold current models have been reported for DG MOSFETs [7] [8] with an undoped channel. Although, undoped long-channel DG MOSFETs possess an ideal value of the subthreshold swing (60mV/Decade), but higher component density requirement in the VLSI/ULSI circuits enforces continuous downscaling of the device dimensions. The downscaling in the device dimensions deteriorates the subthreshold swing characteristics of the DG MOSFETs and hence the short channel undoped DG MOSFETs with a subthreshold slope far apart from its ideal value may not be suitable for the subthreshold operation [9] . However, introduction of doping in the channel of a shortchannel DG MOSFET lowers the speed (due to the degradation of mobility with increased doping) but improves the subthreshold swing of the device [9] . Thus, a shortchannel DG MOSFET with doped channel may be an alternative for the long-channel undoped devices for subthreshold operation with an acceptable operation speed.
A number of subthreshold current models of DG MOSFETs with a doped channel have been reported in literature [10, 11] . Moldovan et al. [10] have proposed a compact model for highly doped DG MOSFETs. The charge control model for the doped channel based on their earlier work [12] was utilized to develop the drain current model. The model was compact and explicit but was valid only for long-channel devices. Cerdeira et al. [11] proposed a short-channel current model for the doped DG MOSFETs. The model was based on the modeling of the difference of surface and centre potentials in an empirical manner. The short-channel effects (e.g. DIBL and threshold voltage roll-off) of the device were also introduced in the model in a similar manner. Dey et al. [13] proposed a subthreshold current model for 3T and 4T DG MOSFETs by adopting the evanescent mode solution of the Poisson's equation. Their model [13] considers that diffusion current is the dominant current in the subthreshold regime. To formulate the closed form expression for compact modeling of the subthreshold current, they divided the channel thickness into two sections where the actual potential distribution in the vertical direction of the channel were approximated by two piece-wise linear potential functions in the above mentioned two sections in the vertical direction of the channel. The linear approximations showed a reasonably good matching with their simulation results. However, all the current models reported so far for DG MOSFETs are based on the assumption of a uniformly doped channel of the device. It may be mentioned that the actual doping profile in a practical transistor becomes closer to the Gaussian profile due to many ion implantation stages required during the fabrication process [14] . Further, due to the retrograde channel doping in the vertical channel engineering, the original implants get altered after thermal annealing and the annealed profile becomes closer to the uniform in the lateral direction and non-uniform in the vertical direction [15] . Djefall et al. [16] have proposed the subthreshold analytical expressions for the DG MOSFETs for non-uniformly doped DG MOSFETs. The limitation of the model was that the non-uniformity of the doping was restricted only for step function profile. Since, the channel doping profile of the real doped MOS devices are similar to the Gaussian function, the modeling of subthreshold current of short-channel DG MOSFETs with a Gaussian profile could be of great importance to many researchers and scientists working in this area.
In this paper, the short channel subthreshold current model for a Gaussian doped short-channel DG MOSFET has been presented. The two-dimensional (2D) Poisson's equation has been solved by following the method of Zhang et al. [15] . It is assumed that the diffusion is the dominant current flow mechanism in the subthreshold regime as considered in [13, 17] . To develop the compact model for subthreshold current, vertical potential has been approximated with a linear potential function as considered in [13] . Two dimensional device simulator ATLAS TM [18] results have been utilized to validate the proposed analytical model.
II. THEORETICAL MODELING OF SUBTHRESHOLD CURRENT
The schematic structure of the DG MOSFET device used for our analysis and simulation is shown in Fig.1 where , , and are the gate length, channel thickness, front gate-oxide thickness and back gate oxide thickness, respectively.
The x-and y-axes of the 2D structure are considered to be along the source-channel interface and channel-upper oxide interface respectively, as shown in the figure. The channel doping profile can be defined as [15] 
with following modified boundaries conditions from [8] 
where,
is the front surface potential. 
and , C and are arbitrary functions of to be determined by using the modified boundaries conditions described by (3)- (5) and can be written as (12) where,
is the potential along the back surface. Now (8) , (10), (11) and (12) can be used to obtain the potential
with the help of (10), (11), (12) and (15) the 2D channel potential of (8) can be expressed in term of the bottom potential
The lateral electric field at the bottom surface can be correlated to the applied back gate voltage as
At the bottom oxide-channel interface, the Poisson's equation (2) can be described by Substituting the value of from (18) into (16) and using the second derivative of the resultant equation in (19) gives
where, 
With the help of (15) and (18), can be written in term of 
Solving (2) 
where,   
where, and are arbitrary constants for front(back) surface . The subscripts and are the subscripts used for the front and back surface related parameters, respectively. Using the boundaries conditions described by (6) and (7) in (35) and (36), and can be expressed
where , , , and
are the front(back) surface related parameters.
Rearranging the terms of the 2D channel potential of (16) 
and .
It is assumed that, in the weak inversion regime of operation, the dominant current flow mechanism is diffusion [13, 17] and hence the subthreshold current can be modeled along the effective channel length ( ) as [13, 19] 
The parameter of (56) is the effective channel length and can be written as
where , and are the source channel depletion width, drain channel depletion width and Debye length, respectively, and can be defined as [20] 
where, . 
N
The total weak inversion current can be obtained by integrating (56) over the entire silicon channel thickness as
Equation (62) can not be solved directly into analytical form owing to the indefinite integral of the
and hence we will follow the method proposed by Yeh et al. [19] for FD SOI MOSFETs and further used by researchers for different devices [13, 16] . Suppose that the entire channel thickness is divided into two regions. Let the region 
Applying the linear assumption to solve the above integration, we get The above expression is the derived expression for the subthreshold current for vertically Gaussian doped DG MOSFETs.
It may be noted that the error function ( ) and inverse error function ( ) used in the formulation of the model are not fully analytical but all the standard computation software like MATLAB TM , Mathematica TM etc. can evaluate these functions directly. However, to make the model more compact, we can use the following analytical approximations of these functions to compute the model results [21] . 
III. RESULTS AND DISCUSSION
In this section, we have compared some theoretical and simulation results of the subthreshold current for the DG MOSFETs. The simulation results are obtained by using the two dimensional ATLAS TM [18] device simulator. The device has been simulated using the mid gap material tungsten as gate electrode (
). All the simulation and theoretical results have been evaluated under the assumption that same gate voltage is applied to both front and back gates and the device is symmetric in all sense except the position of peak channel doping. Fig. 2 Fig.2 that increasing the peak channel doping, maintaining the other parameters constant, causes the decrement in the subthreshold current due to enhanced sourcechannel barrier height. In Fig.3 , subthreshold current has been plotted against applied gate voltage for different values of the channel length. It should be noted that reduction in the channel length is responsible for the increase in the subthreshold current. Another observation is that slope of curves deteriorates with reduction in the channel length because of the dominant short channel effects at lower channel length. The effects of the variation of the on the subthreshold current have been shown in Fig.4 . It is clear from Fig.4 that when the peak channel doping is at front surface ( ), in that case back surface ( ) will have comparatively lower doping, which results in lower source channel barrier for back surface and hence higher subthreshold current results compared to the condition when the peak doping at the channel centre. We have compared our model results with the simulation data obtained by using the commercially available 2D device simulator ATLAS TM . A reasonable matching between the theory and simulation validates our proposed model. It should be mentioned that our model will also be valid for all types of asymmetry in the device resulted by the difference in work functions, oxide thicknesses and gate voltages of the two gate structures of the device. In this paper short channel subthreshold current model for DG MOSFET, having vertical Gaussian doping profile, has been presented. The model includes the effect of channel doping and it is clear that at higher doping subthreshold current decreases. It is also concluded that reduced channel length of the device causes higher subthreshold current. The effect of the variable doping peak is also included in the model. 
